The genetic structure of populations of the symbiotic nitrogen-fixing soil bacterium Rhizobium meliloti was examined by analysis of electrophoretically demonstrable allelic variation in 14 metabolic, presumably chromosomal, enzyme genes. A total of 232 strains were examined, most of which were isolated from southwest Asia, where there is an unsurpassed number of indigenous host species for R. meliloti. The collection consisted of 115 isolates recovered from annual species of Medicago in Syria, Turkey, and Jordan; 85 isolates cultured from two perennial species of Medicago (M. sativa [alfalfa] and M. falcata) in northern Pakistan and Nepal; and 32 isolates collected at various localities in North and South America, Europe, South Africa, New Zealand, and Australia, largely from M. sativa. Fifty distinctive multilocus genotypes (electrophoretic types [ETs]) were identified, and cluster analysis revealed two primary phylogenetic divisions separated at a genetic distance of 0.83. By the criterion of genetic differentiation conventionally applied in defining species limits among members of the family Enterobacteriaceae and certain other bacteria, the two primary divisions of R. meliloti represent distinct evolutionary species. Division A included 35 ETs represented by 209 strains from the eastern Mediterranean basin, northern Pakistan, Nepal, and various other localities worldwide. This division contained the nine commercial alfalfa inoculant strains examined. Division B included 15 ETs represented by 23 isolates, 21 of which were isolated from annual medic species growing in previously uninoculated soils in the eastern Mediterranean basin. The two remaining strains in division B, both representing the same ET, were isolated in the United States and Australia. The common use of certain ETs from both divisions for seed inoculation and for laboratory research accounts for their widespread geographic distribution.
The symbiotic nitrogen-fixing soil bacteria of the genus Rhizobium (family Rhizobiaceae) have been an important subject of agricultural research for the past century because of their ability to increase crop yields on nitrogen-poor soils (19) . Agronomic interest in the genus has resulted in a species-level classification of strains based on variation in host range among common crop species of legumes. Plant species susceptible to nodulation by the same strains of rhizobia constitute a cross-inoculation group, and strains of rhizobia capable of nodulating plants within a group are considered to be conspecific (10) .
The species Rhizobium meliloti is defined by an ability to stimulate development of root nodules in symbiotic association with plant species of three related genera, Medicago (perennial and annual medics), Melilotus (sweet clover), and Trigonella (fenugreek) (10, 26) . When these plants are introduced to regions where they have previously not been grown, it is necessary to inoculate the soils with R. meliloti to obtain symbiotic nitrogen fixation. On the basis of this common observation, it is assumed that R. meliloti is indigenous to the same regions as its host species.
Of the three plant genera nodulated by R. meliloti, Medicago is agriculturally the most important, because species of this genus provide high-quality forage in temperate climates worldwide. The most widely cultivated perennial species of Medicago, M. sativa (alfalfa), is native to southwest Asia (4, 36) and is nodulated by a wide range of R. meliloti strains (8) . In contrast, the less widely grown annual medic species (e.g., M. rigidula, M. rotata, and M. polymorpha), which are * Corresponding author.
believed to have evolved from the perennial species, are native to the Mediterranean basin (30) . The annual medics may, depending on the particular species (e.g., M. laciniata), possess high levels of rhizobial specificity (8, 11, 12) .
Studies comparing the symbiotic effectiveness of strains of R. meliloti on various Medicago hosts have suggested that there is a subspecific structure within R. meliloti (8, 11, 12) . However, the degree to which interstrain variation in symbiotic traits, most of which are encoded by genes carried on megaplasmids (1), correlates with variation in the chromosomal genome of the rhizobia has not been determined.
Multilocus enzyme electrophoresis (MLEE) has been widely used to study chromosomal genetic diversity and population structure in species of human pathogenic bacteria (R. K. Selander and J. M. Musser, in B. H. Iglewski and V. L. Clark, ed., Molecular Basis ofBacterial Pathogenesis, in press) and recently has been applied to the analysis of the population genetics of soil bacteria (17, 22, 34, 38, 51, 52 Source'   M165  C,I,M 15Al  19A19  74B5  74B9  74B17  N4A7  N4A9  N6B2  N6B3  M30  M50   M100   M180  M192  M195  M243  M263   25  128A12  N6B4   26  M248   27  15A5  M20  M29  M35  M47 M276  M287  M291  M193a   28  M294  M296   29   M119   30  S33   M1o   31  102F51   32  17A8  17B7  17C1  74B4  N4A12  N6B6   33  74B12   C,U,J  C,T,J  C,O, C,O,M Continued on following page variation in chromosomal genes rather than on plasmidencoded symbiotic characteristics.
In the present study, we employed MLEE and RFLP analysis of rRNA operons to determine the genetic structure of natural populations of R. meliloti. Chromosomal genotypic characterization of 232 isolates revealed the existence of two highly differentiated evolutionary lineages, one of which appears to be adapted to annual medic species of the Mediterranean basgn. (5, 8, 13, 25, 27, 29, 35, 40) . The strains examined were from localities in the United States, Canada, South America, Sweden, Poland, France, The Netherlands, Hungary, South Africa, Australia, and New Zealand. (iv) Ten strains were from the collection of the senior author, including the type strain (ATCC 9930) of R. meliloti (45) and several inoculant strains of the Nitragin Co. (8, 10, 13, 25, 27, 31, 37) , which were a gift to P. J. Bottomley (Department of Microbiology, Oregon State University, Corvallis) from R. S. Smith, Nitragin Co., Milwaukee, Wis.
MATERIALS AND METHODS
Prepavation of lysates. Isolates were grown for 36 h on an orbital shaker at 29°C in 150 ml of tryptone-yeast broth (3) supplemented with 5.3 mM calcium chloride. Cells were harvested by centrifugation at 6,000 x g for 10 min at 4°C. After suspension in 1.5 ml of 50 mM Tris hydrochloride buffer coflaining 5 mM EDTA (pH 7.5), the bacteria were sonicated (Branson Model 250 Sonifier with microtip) for 45 s at a 50% pulse with ice cooling. The sonicated suspension was centrifuged at 20,000 x g for 20 min at 4°C, and the clear lysate (supernatant) was stored at -70°C.
MLEE. Techniques of starch-gel electrophoresis and selective staining of enzymes for application to the population genetics and systematics of bacteria have been described by Selander et al. (43) . The electrophoretic buffer systems and the enzymes assayed were as follows: (i) Tris citrate, pH 6 (24) .
Genetic distance between each pair of ETs was estimated as the proportion of loci at which dissimilar alleles occurred (mismatches), and clustering from a matrix of pairwise genetic distances was performed by the average-linkage method (46) . Southern analysis. Genetic relatedness among isolates of the primary phylogenetic divisions revealed by MLEE analysis was assessed by an analysis of RFLP of the rRNA operons (21) . Twelve isolates were analyzed, representing the major branches of the MLEE dendogram (Fig. 1) . Chromosomal DNA was prepared from cultures grown for 36 h in TY medium (3) by the method described by Silhavy et al. (44) , with addition of the acetone wash recommended by Heath et al. (23) . The DNA (0.6 ,ug) was digested with BamHI (including 4 mM spermidine), subjected to electrophoresis on a 0.8% agarose gel, and capillary transferred to a nylon membrane (Hybond N; Amersham, Ltd.) by standard methods (32, 47 (32) .
RESULTS
Genetic relatedness among ETs. In the collection of 232 R. meliloti isolates, 14 of the 15 enzymes assayed were polymorphic (only indophenol oxidase was invariable). Among the polymorphic enzymes assayed, ,B-galactosidase was un- usual in that the lysates of most strains (89%) showed two bands of activity, corresponding to two isoenzymes. The faster-migrating isoenzyme was highly polymorphic, with a total of eight electromorphs, whereas the slower-migrating isoenzyme showed little variation in electrophoretic mobility. On the basis of this difference in degree of polymorphism, we infer that the two isoenzymes are encoded by different genetic loci. A plasmid-encoded J3-galactosidase was recently found in R. meliloti (15) , and the occurrence of both chromosomal and plasmid-borne structural genes for this enzyme was reported for a strain of E. coli (14) . Because we did not establish a chromosomal or plasmid location for either of the genes encoding the two isoenzymes of Pgalactosidase in our isolates of R. meliloti, we excluded data for this enzyme from further analysis.
Comparison of the allele profiles of the 14 remaining loci revealed 50 distinctive multilocus genotypes or ETs (Table   2 ). Forty-two of the 50 ETs were represented by only one or two isolates, and the remaining eight ETs were represented by multiple strains.
Cluster analysis of these ETs revealed two primary divisions (A and B in Fig. 1 (Table  2 ) and a distinctive rRNA operon RFLP pattern (Fig. 2) . This strain is also unusual in host range, in that it is able to effectively nodulate Trigonella suavissima, an endemic Australian species (48) that has highly selective rhizobial requirements (8).
Division B included 15 ETs (Fig. 1) , each of which was represented by only one or a few isolates (Table 2) . Except for the two strains representing ET 41, all isolates of ETs of division B were recovered from annual medics in the eastern Mediterranean basin. One of the strains of ET 41 (CC 169) is a symbiotically efficient inoculant for several annual medic species (33) that was isolated in Australia in 1979 (13) . The other strain of ET 41 was isolated in the United States.
Genetic diversity and linkage disequilibrium. Within both subdivision 1 of division A and division B, there are only modest degrees of multilocus genotypic diversity. Estimates of mean allelic diversity per locus among ETs of these groups were 0.254 and 0.249, respectively. The average number of alleles per locus was 2.4 in division A and 1.5 in division B. Examination of two-locus allelic associations isolates from various host species and geographic locations ETs of isolates from Nepal and Pakistan were confined to revealed two deeply diverging phylogenetic divisions within division A, but strains from the eastern Mediterranean basin the nominal species R. meliloti. The reality of these two were widely distributed over the dendrogram in both divigroups was confirmed by RFLP analysis of rRNA operons, sions A and B (Fig. 1) . ETs of the 22 isolates of the INRA which showed a consistency of pattern within the divisions global collection also occurred in both primary divisions. and prominent differences between them. Isolate CC 2013 (representing ET 35; Fig. 1 ), which is ecologically peculiar in being able to effectively nodulate T. suavissima (8) , may represent an old phylogenetic lineage allied with the lineages that include the other 34 ETs in division A. However, there is the possibility, albeit remote, that it is a hybrid formed by extensive chromosomal recombination between strains of the two divisions or between a strain of division A and another species of Rhizobium. Chromosomal recombination between two closely related strains of R. meliloti (strains RCR 2011 and 41) has been reported (28), but it was mediated by an R-prime plasmid, and it is perhaps unlikely that this type of recombination occurs in natural populations of R. meliloti.
The presence of many deep evolutionary lineages within another rhizobial species, R. leguminosarum biovar phaseoli, was recently reported by Pinero et al. (38) . In that study, 62 strains from various geographic sources were analyzed by MLEE, and it was determined that the mean genetic diversity per locus (H) among ETs was unusually high (H = 0.691) for a single bacterial species. On the basis of their analysis, Pinero et al. (38) concluded that R. leguminosarum biovar phaseoli is a polyphyletic assemblage of strains representing as many as 11 evolutionary species.
For the enterobacteria and related genera, Brenner (6) has defined a species as a group of strains among which nucleotide sequence relatedness coefficients obtained from DNA-DNA hybridization experiments are 70% or greater. Although DNA sequence similarity coefficients cannot be directly derived from MLEE data, previous studies of several genera of bacteria have demonstrated that estimates of genetic relatedness of strains obtained by these methods are strongly correlated (r = 0.897) (20, 43) . Based on the results of our MLEE analysis, we conclude that isolates presently referred to the nominal species R. meliloti represent two highly differentiated evolutionary units that warrant specific status.
Geographic distribution and ecology of the divisions of R. meliloti. The plant genus Medicago is indigenous to the Mediterranean region (30) . This conclusion is based on the two following observations: (i) this region contains an unsurpassed number of native Medicago species, and (ii) M. arboria, which appears to be the most primitive species of the genus, will persist only in regions with a Mediterranean climate.
In the eastern Mediterranean basin (Syria, Turkey, and Jordan), the extensive genotypic diversity we observed among strains of R. meliloti is associated with the unusually high level of species diversity in the genus Medicago. Of Fig. 1 should increase the efficiency of this selection process. Results of such screenings may also serve to further define the host-microsymbiont affinity groups suggested by our genotypic analysis.
Species limits in Rhizobium. In the absence of methods of readily determining genetic relatedness among large numbers of strains, species of Rhizobium and other plantassociated soil bacteria (e.g., Agrobacterium, Bradyrhizobium, Corynebacterium, Erwinia, Pseudomonas, and Xanthomonas) have traditionally been defined on the basis of phenotypic characteristics such as host range, colony morphology, growth on selective media, and various metabolic properties (26, 41) . Although it has long been appreciated that phenotypic characteristics, particularly host range characteristics, do not provide a reliable basis for determining bacterial phylogenetic relationships (e.g., see reference 49) , their continued use in systematics has been justified on the basis of convenience and agronomic significance.
With the development of molecular methods for determining chromosomal genotypes in bacteria, it is now possible to estimate phylogenetic relationships among strains. Methods ranging from nucleotide sequence analysis of ribosomal genes (50) to the electrophoretic detection of allelic polymorphism in enzyme genes within local populations (43) have indicated that phylogenies based on phenotypic characteristics are sometimes cognate with phylogenies based on genetic data but that they often show profound inconsistencies (e.g., see references 2 and 18).
The potential for lateral transfer of genes mediating host specificity and pathogenicity is a particularly important consideration in the classification and phylogenetic analysis of plant-associated soil bacteria. For example, in DNA-DNA hybridization experiments, Currier and Nester (16) found that patterns of homology among tumor-inducing plasmids in 15 strains of Agrobacterium tumefaciens were not correlated with patterns of chromosomal homology in the same strains.
Similarly, in recent studies of field populations of R. leguminosarum, it was shown that identical pSym genotypes (identified by RFLP analysis) occur on quite different chromosomal backgrounds (42, 52) . This evidence and previous reports of self-transmissible pSym plasmids in R. leguminosarum (7) suggest that interstrain plasmid transfer is a common phenomenon in natural populations of this species. Unlike in R. leguminosarum, however, there have been no reports of self-transmissible symbiotic megaplasmids in R. meliloti, although this species can act as a recipient for transmissible pSym plasmids from R. leguminosarum (9) .
It is evident from these studies that an overreliance on a single, plasmid-encoded phenotypic characteristic in defining species in the genus Rhizobium (and other soil bacteria) has resulted in an artificial, ecologically based scheme of classification. Results of the present study emphasize the need for a method of delimiting species of Rhizobium based on chromosomal genetic relatedness. The development of a phylogenetic framework of genetic relatedness within and among the various species of Rhizobium would provide a basis for an evolutionary analysis of the agriculturally important Sym plasmids in these species. Moreover, it would also be useful in the design and interpretation of comparative studies of the ecological and physiological characteristics of this important and highly diverse group of bacteria.
